Introduction {#Sec1}
============

Great interest is being shown in processes with the potential to produce clean sustainable energy. Unlike solar and wind energy, which are both dependent on availability and the weather, the Blue Energy processes based upon the controlled mixing of seawater and fresh water have the advantage that they can be operated continuously. One process is Pressure-Retarded Osmosis (PRO), which has received renewed attention over the last two decades and was the subject of a recent thought-provoking theoretical study^[@CR1]^. Following a contextual introduction on Blue Energy, Yaroshchuk's recent model^[@CR1]^, which is an application of the Spiegler-Kedem-Katchalsky (SKK) model to pressure retarded osmosis (PRO) is analysed with his boundary conditions. The mathematics of the derivation are sound but doubts are raised about the boundary conditions used and the validity of the underlying SKK model.

The SKK model is a well-established model for reverse osmosis. Now as Forward Osmosis (FO) is simply osmosis, it might be thought that the SKK model could be applied without reservation to FO and by extension to pressure retarded osmosis (PRO) as in^[@CR1]^. However, in investigating the possibility and practicality of employing tailored PRO membranes to generate very high power densities, the foundations of the SKK model were found to be questionable. This was an unexpected finding. In parallel to this investigation, we chose to take the model in^[@CR1]^ at face value and translated the analytical dimensionless analysis into an engineering science analysis, based on the use of practical values for the parameters. It was found that for practical salinities of the draw solution the outcomes are constrained such that the impact arising from the inclusion of a "leakiness" parameter is minor.

The second Blue energy process is Reverse Electrodialysis (RED) which is being pioneered in the Netherlands. With RED, the salinity gradient between seawater and river water is exploited via a stack of alternating cation and anion exchange membranes, and due to the chemical potential difference between salt and fresh water a voltage is generated across each membrane. A 50 kW pilot plant on the Afsluitdijk causeway in the Netherlands was opened in late 2014^[@CR2]^. The aim of this pilot is to assess the technical feasibility of RED under real-life conditions using fresh Ijsselmeer water, which is on one side of the causeway and salt water from the Wadden Sea which is on the other side. Wetsus, who led the way on RED, remain research active in this area^[@CR3],[@CR4]^.

With RED, electricity is generated directly from the membrane stack but PRO uses the osmotic pressure difference between a saline stream and fresh water to produce osmotic flow, which together with an appropriate back pressure, is used to drive a hydro turbine. The conceptual simplicity of PRO was recognised by the pioneers of reverse osmosis^[@CR5]^ but concern about costs has always been a problem^[@CR6]--[@CR8]^. Nevertheless the desire to develop renewable energy options and the step changes in membrane development has led to PRO receiving significant attention in the past 15 years. The first pilot osmotic power plant was opened by the Norwegian energy company Statkraft in 2009 and it was reported the following year that the Statkraft prototype was designed to generate 10 kW of power and that the company planned to build a full-scale 25 MW osmotic power plant by 2015^[@CR9]^. However the pilot plant closed in 2014 due to the low power density (power per unit of membrane area) of the prototypes and the questionable economic feasibility of the process. Indeed at its peak, the facility had produced power of just 2--4 kW before being closed. Despite the company's efforts, they concluded that within the current market outlook the technology could not be sufficiently developed to become competitive "within the foreseeable future"^[@CR10]^. Today it is generally accepted that if PRO is to be commercially viable then it will be necessary to use resources with a higher salinity than seawater, for example brine from a reverse osmosis desalination plant^[@CR11],[@CR12]^. While this would tend to increase the osmosis and permit a higher backpressure, both of which lead to higher power densities, there is the inhibiting effect of a relatively high salt concentration within the support layer, due to the flux driven phenomenon known as internal concentration polarisation (ICP). This acts to reduce the difference in salinity across the active layer of the membrane and thereby dampen the positive effects of increased draw salinity^[@CR13]^. Ideally a doubling of draw salinity would lead to a four-fold increase in power density but the mass transfer boundary layers, both external and ICP, have a negative impact. Thus it is generally accepted that increases in power density with increasing draw salinity will be more modest^[@CR13],[@CR14]^.

A recent thought provoking theoretical paper applied the SKK model and deduced a contrary position^[@CR1]^. It was contended that non-ideally semi-permeable supported membranes could be operated in an overlooked "breakthrough" mode in which ICP ceases to be important. It is claimed that one consequence is that non-ideally semi-permeable supported membranes could be operated, under certain conditions, with no reverse solute diffusion. A consequential outcome would be that ICP will be minimised and so it should be technically possible for certain PRO processes to achieve unusually high power densities; densities that would exceed by one order of magnitude those achieved previously. Secondly, it was suggested that much more robust support layers could be used without thicker supports having a detrimental effect upon flux.

The basis of the innovative theoretical analysis is reviewed and consideration given as to whether it can be extended beyond the purely analytical. Even though there was no experimental confirmation, it was clearly suggested^[@CR1]^ that "breakthrough" could involve solute flux sign reversal (i.e. a transition from counter-current to co-current fluxes) and that the "dramatic change in the behaviour is ultimately caused by the change in the direction of solute flow through the membrane". Whilst this specific possibility is rebutted, the prospect of the SKK model giving rise to an enhanced fluxes is evaluated.

Before moving to the Results section, it is noted that the SKK three-parameter model^[@CR15]^ has previously been used to describe the mass transfer across the active layer of a FO/PRO membrane^[@CR16]^. In the modelling of their experimental results, they found little difference between the standard solution-diffusion (S-D) model and the predictions of the SKK model for which a value of 0.92 was appropriate for the reflection coefficient (σ). Appropriately the modelling of the experimental work made due allowance for mass transfer on either side of the active layer. No evidence of any "breakthrough" was reported but the degree of 'leakiness' was greater than the desired value suggested in^[@CR1]^. Secondly we note that whilst irreversible thermodynamic arguments were used to derive the solute and solvent transport equations of the SKK model the membrane itself is treated as a "black box"^[@CR17]^. The values of the three parameter are empirically determined and, in all probability, depend upon the solute concentration in the barrier layer. Thus the values determined for RO will not apply for FO applications. Later in the paper, models in addition to the SKK model are briefly explored to check whether other models predict "breakthrough".

Results {#Sec2}
=======

The  symbols are essentially the same as those used in^[@CR1]^. No fault has been found with the mathematical derivations *per se* made in^[@CR1]^, rather it is certain assumptions and the soundness of the underlying SKK model that is questioned, and these matters are addressed later. A schematic of the system being considered is given in Fig. [1](#Fig1){ref-type="fig"}.Figure 1Supported membrane with idealised mass transfer conditions envisaged in the feed and draw reservoirs; both taken to be perfectly stirred. There is a constraint that at steady state any net component flux through the porous support layer will be identical to that through the barrier layer.

The model in^[@CR1]^, is now analysed as is, with the same boundary conditions which include *c*~*d*~ = *c*~*m*~. This is equivalent to stating that $\documentclass[12pt]{minimal}
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Now using Eq. ([1a](#Equ2){ref-type=""}) to obtain an expression for $\documentclass[12pt]{minimal}
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Having introduced Eq. ([1a](#Equ2){ref-type=""}) it is appropriate to note that with a solute free feed (*c*~*f*~ = 0, the term (−*J*~*s*~/*J*~*v*~) is positive under all conditions *i*.*e*. there is counter-current flow of solute and solvent. Given that there is no solution giving co-current flow of solute and solvent for a salt-free feed, it is illogical to suppose that the addition of salt to the feed would, for any combination of physical properties and draw concentration, lead to a switch from counter-current flow to co-current flow.

Consequently it is necessary to part company from^[@CR1]^ by not assuming that the SKK model is valid when it predicts co-current flow of solute and solvent. One recalls that whilst irreversible thermodynamic arguments were used to derive the solute and solvent transport equations of the SKK model, the membrane itself was treated as a "black box"^[@CR17]^.

Our analysis of the potential influence of the inclusion of the third membrane parameter has been made using dimensional values of the membrane parameters. Thus the solvent fluxes are presented in units of µm/s and the draw solution in molarity with a range of concentrations that acknowledge the solubility limit of sodium chloride in water; at ambient conditions it is around 6.15 M. In this paper only CTA membranes are considered. The results labelled as SKK curves were obtained by the procedures outlined in Methods.
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In summary it will be readily appreciated that the three Eqs [1a](#Equ2){ref-type=""},[1b](#Equ2){ref-type=""} and [3](#Equ5){ref-type=""} contain three unknowns: $\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{f},\,\,{c}_{i},\,{c}_{d}$$\end{document}$, either of Eqs [1a](#Equ2){ref-type=""} to [1b](#Equ2){ref-type=""} can be used to find the predicted solute flux, *J*~*s*~. (As a consistency check, both should be calculated.) If the value of *J*~*s*~ is negative, it is considered to be a feasible value; otherwise the solution is considered physically invalid. This is where we part company with^[@CR1]^ in terms of methodology.

For Fig. [2](#Fig2){ref-type="fig"} the boundary conditions are those of^[@CR1]^ and the draw side is taken to be an ideally stirred reservoir. The deviation of the SKK curve from the S-D curve becomes apparent only when the predicted relative solute flux is less than the reference value which corresponds to *c*~*f*~. When the SKK curve falls below this 'reference' the predicted reverse solute flux is less than the inlet convective influx of solute. Consequentially the predicted convective flux through the membrane is greater than the diffusive flux of solute from the draw towards the feed. The dramatic and alluring behaviour reported elsewhere^[@CR1]^ only manifests itself when there is a prediction of co-current fluxes. This occurs around a flux of 18.5 µm/s but the physical possibility of such behaviour has been discount. In the prior region where the SKK model predicts counter-current fluxes, it and the S-D model give essentially the same values of *J*~*v*~ for the same value of draw concentration.

Claims of a major scientific advance should ideally be experimentally verified, or as a minimum, demonstrated through calculation using practical values. Thus we have extended the analysis in^[@CR1]^ to include the draw side mass transfer boundary layer because as fluxes increase it is unreasonable to ignore it. The calculation procedure is outlined under Methods. For Fig. [3](#Fig3){ref-type="fig"} the value of the draw side mass transfer coefficient is moderately large. Apart from this change, the basis of Fig. [3](#Fig3){ref-type="fig"} is identical to that of Fig. [2](#Fig2){ref-type="fig"}. Figure [3](#Fig3){ref-type="fig"} indicates that a degree of 'leakiness' (*i*.*e*.σ close to but not equal to unity) brings no discernible benefits.Figure 3Predicted influence of draw concentration, *c*~*d*~, upon solvent flux, *J*~*v*~, and the consequential variation of relative solute flux $\documentclass[12pt]{minimal}
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A comparison of Figs [3a](#Fig3){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} shows that the introduction of thicker support layers has a negative impact. The fluxes with the SKK model are relatively higher than those with the S-D model for a given value of the structural parameter, *S*, but membranes with thicker support layers are predicted to have lower absolute fluxes than those with a typical value of *S* and reflection coefficients of unity (i.e. S-D model with *S* = 350 µm). Thus there is no gain in terms of flux in switching to thicker support layers, even if a certain degree of 'leakiness' can be introduced. Our modelling suggests that membrane manufacturers should aim for low *B/A* ratios in order to be close to the 'ideal' curves shown in Figs [3a](#Fig3){ref-type="fig"} and [4a](#Fig4){ref-type="fig"}.Figure 4Predicted influence of draw concentration, *c*~*d*~, upon solvent flux, *J*~*v*~, and the consequential variation of relative solute flux $\documentclass[12pt]{minimal}
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Figures [2](#Fig2){ref-type="fig"}--[4](#Fig4){ref-type="fig"} include the relative solute flux (−*J*~*s*~/*J*~*v*~). They show that the envisaged "breakthrough" mode only occurs when this ratio becomes negative. Thus there is no "breakthrough" before the supposed solute flux reversal. As co-current flows are physically unrealistic, it can be concluded that there is no mode that will entail unexpectedly high fluxes and, if operated with back-pressure in the PRO mode, unexpectedly high power densities. In Figs [2a](#Fig2){ref-type="fig"} and [4a](#Fig4){ref-type="fig"} the continuation of the SKK curves above the 'ideal' curve have been included as a mere hypothetical prediction so as to make the link with^[@CR1]^. Even if such solutions had been possible, the corresponding fluxes are not high when draw side mass transfer is included even for a feed salinity of 0.015 M, which would be a very low value of salinity in any practical application.

With regard to the feedside boundary condition, it is noted that in^[@CR1]^, a claim is made concerning very robust support layers. Namely "that in this \[breakthrough\] mode the osmotic flow becomes insensitive to the properties of membrane support (the curves calculated for different support properties converge). Therefore, the limiting case of infinitely thick supports .... is applicable also for finite (and even rather small) values of \[thickness\] *once the breakthrough mode is well established* \[our emphasis\]." Most importantly, the caveat "once the breakthrough mode is well established" is emphasised because if breakthrough is impossible then the imagined benefits of thick supports will not be realisable.

Concluding Remarks {#Sec3}
==================

The supposed "breakthrough" mode would only occur if it were possible to engineer a reversal in the direction of the solute flux but theoretically, as shown herein, it is impossible. Notwithstanding this finding and our consequent concerns regarding the application of the SKK model to FO, the relevant equations of the SKK model (based on^[@CR1]^) were solved to evaluate whether the impact of imperfections could be significant prior to the predicted reversal in the direction of the solute flux. For typical membrane parameters the impact is insignificant.

Owing to the fact that the point of zero net solute flux is a thermodynamic impossibility, the prediction of a region of positive solute flux must be viewed as an artefact of the SKK model when it is implemented with concentration and pressure invariant parameters. Use of other models of membrane transport, as discussed in Methods, indicate that FO and PRO cannot involve co-current flow of solute and solvent. If a new region had been discovered it would have provided a fresh impetuous to PRO research. More particularly, it would have stimulated experimental research to determine whether the claims could be verified experimentally. Alas this seems not to be worthwhile. Overall the situation regarding the potential of FO and PRO remains unchanged with the conclusions in^[@CR14]^ remaining essentially as valid today as in 2013.

FO and PRO are the simplest of settings for the application of the Spiegler-Kedem-Katchalsky model. That this model has been shown to yield irrational results indicates that some detail in the SKK model is wrong. Now the equation for the salt flux includes the term $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ is assumed to be independent of both the solute concentration in the barrier layer and the hydraulic pressure difference across it. Notwithstanding the utility that the SKK model has demonstrated over a number of decades, it seems to have a fundamental shortcoming.

Methods {#Sec4}
=======

Firstly we record the procedures adopted in making the calculations. The equations below do not assume that $\documentclass[12pt]{minimal}
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Now from Eq. ([4a](#Equ7){ref-type=""} and [4c](#Equ7){ref-type=""}), the concentration difference across the active layer can be written as:$$\documentclass[12pt]{minimal}
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The second equation involving this difference is:$$\documentclass[12pt]{minimal}
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An explicit equation linking the solvent flux and the draw concentration was derived from Eqs [4](#Equ6){ref-type=""}--[6](#Equ11){ref-type=""} to generate the SKK curves in Figs [2](#Fig2){ref-type="fig"}--[4](#Fig4){ref-type="fig"}. The outline follows. The following terms are defined:$$\documentclass[12pt]{minimal}
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One can rewrite and expand Eq. [4b](#Equ8){ref-type=""} as follows:$$\documentclass[12pt]{minimal}
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Combining Eq. ([4c](#Equ9){ref-type=""}) with Eq. ([8](#Equ13){ref-type=""}) to eliminate *c*~*m*~ yields:$$\documentclass[12pt]{minimal}
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                \begin{document}$$(\frac{-{J}_{s}}{{J}_{v}})$$\end{document}$. The term (*c*~*m*~ − *c*~*i*~) is then eliminated from the combined equation through use of Eq. ([6](#Equ11){ref-type=""}). The resultant equation enables one to find *c*~*d*~ explicitly for given values of *J*~*v*~ (whose value also specified all of the Peclet numbers), *c*~*f*~, and fixed system and membrane parameters including *k*~*bl*~, *c*~*f*~, S/D etc. Solutions were obtained using Microsoft Excel. The values used for standard conditions are given in Table [1](#Tab1){ref-type="table"}. (In our analysis there was a perfectly stirred reservoir supplying the support layer).Table 1Standard conditions for generation of flux-draw concentration curves.ParameterHydraulic permeabilitySolute permeabilityReflection coefficientStructural parameterDraw side mass transfer coefficientFeed sideSymbol (units)A (µm s^−1^ MPa^−1^)B (µm s^−1^)σS$\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{f}$$\end{document}$ (M)Value20.20.99varied300.015Source/comment^[@CR13][@CR13][@CR1]^Minimum as^[@CR13]^About 4x greater than value found for current modules^[@CR22]^Very modest salinity

Secondly, three other models are now briefly examined to see whether any would entail a "breakthrough" mode. The solution-diffusion model has been widely applied^[@CR17]^ but it would not lead to the prediction of any "breakthrough". Indeed if one assumes that the osmotic pressure follows the van't Hoff equation, this model predicts a fixed ratio between the solute and solvent fluxes independent of feed and draw concentrations^[@CR19]^:$$\documentclass[12pt]{minimal}
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The solution-diffusion-imperfection model (SDI)^[@CR20]^ was formulated to address some of the shortfalls in the basic solution-diffusion model^[@CR17]^. The key equations for the barrier layer, when applying it to PRO, would be:$$\documentclass[12pt]{minimal}
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                \begin{document}$${L}_{i}$$\end{document}$ is the permeability of imperfections, ∆*P* is the transmembrane pressure difference, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta \pi $$\end{document}$ is the osmotic pressure difference across the membrane and other symbols have their normal meaning with *A* being the water permeance and B the solute permeance through the barrier layer. Clearly for PRO this model suggests an augmentation of the solute flux (compared with the S-D model) in the direction *away* from the pressurised draw solution; see Eq. ([12](#Equ17){ref-type=""}). For FO operation the pressure difference ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta P$$\end{document}$) would be zero and the SDI model reverts to the basic solution-diffusion model. So for osmotically driven processes, the SDI model would never entail a decrease in the ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(\,-\,{J}_{s}/{J}_{v})$$\end{document}$ and the fluxes always remain counter-current for FO and PRO.

Additionally consideration was given to the applicability of a pore flow model^[@CR21]^. However one needs perm-selectivity to maintain a osmotic flow from feed to draw and a channel has no interfaces between the bulk solutions and the pore fluid. A channel with pore flow would have a convective term and for PRO this would lead to an augmentation of the solute and solvent flux in the direction away from the pressurised draw solution. For FO operation, there would essentially be no convective component as the pressures would be the same on both sides. The diffusive components would be counter-current with water diffusing towards the draw and salt diffusing towards the opposite side, which is of lower salinity i.e. counter-current fluxes.

A summary of osmotically driven flow models is given in Table [2](#Tab2){ref-type="table"}.Table 2Summary of membrane models with osmotically driven solvent flux.Model typeVariation of $\documentclass[12pt]{minimal}
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